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(54) Variable compression ratio mechanism for reciprocating internal combustion engine

(57) A variable compression ratio mechanism for a
reciprocating engine includes upper and lower links link-
ing a piston pin to a crankpin, an eccentric cam equipped
control shaft and a control link cooperating with each
other to vary the attitude of the upper and lower links. A
control-shaft actuator is provided to vary a compression
ratio. The actuator includes a reciprocating block slider
linked at a front end to the control shaft, and a rotary

member being in meshed-engagement with the rear end
of the slider by a meshing pair of screw-threaded por-
tions. A hydraulic modulator has a hydraulic pressure
chamber facing the rear end face of the slider, so that
working-fluid pressure in the pressure chamber forces
the slider in the same axial direction as the direction of
action of reciprocating load acting on the slider owing to
combustion load.
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Description

TECHNICAL FIELD

[0001] The present invention relates to the improve-
ments of a variable compression ratio mechanism for a
reciprocating internal combustion engine.

BACKGROUND ART

[0002] In order to vary a compression ratio between
the volume existing within the engine cylinder with the
piston at bottom dead center (BDC) and the volume in
the cylinder with the piston at top dead center (TDC) de-
pending upon engine operating conditions such as en-
gine speed and load, in recent years, there have been
proposed and developed multiple-link type reciprocat-
ing piston engines. One such multiple-link type variable
compression ratio mechanism has been disclosed in
pages 706 - 711 of the issue for 1997 of the paper "MTZ
Motortechnische Zeitschrift 58, No. 11". The multiple-
link type variable compression ratio mechanism dis-
closed in the paper "MTZ Motortechnische Zeitschrift
58, No. 11" is comprised of an upper link mechanically
linked at one end to a piston pin, a lower link mechani-
cally linked to both the upper link and a crankpin of an
engine crankshaft, a control shaft arranged essentially
parallel to the axis of the crankshaft and having an ec-
centric cam whose axis is eccentric to the axis of the
control shaft, and a control link rockably or oscillatingly
linked at one end onto the eccentric cam of the control
shaft and linked at the other end to the lower end of the
upper link. In order to vary the attitude of each of the
upper and lower links, the other end of the control link
may be linked to the lower link, instead of linking the
control link to the upper link. By way of rotary motion of
the control shaft, the center of oscillating motion of the
control link varies via the eccentric cam, and thus the
distance between the piston pin and the crankpin also
varies. In this manner, a compression ratio can be var-
ied. In the reciprocating engine with such a multiple-link
type variable compression ratio mechanism, the com-
pression ratio is set at a relatively low value at high-load
operation to avoid undesired engine knocking from oc-
curring. Conversely, at part-load operation, the com-
pression ratio is set at a relatively high value to enhance
the combustion efficiency.

SUMMARY OF THE INVENTION

[0003] In order to produce the rotary motion of the
control shaft, a control-shaft actuator is used. The con-
trol-shaft actuator is often comprised of a control screw
portion and a control nut portion engaged with each oth-
er. Suppose that an external screw-threaded portion,
serving as the control screw portion, is provided on a
reciprocating block slider of the actuator, whereas an in-
ternal screw-threaded portion, serving as the control nut

portion, is provided in a cylindrical member of the actu-
ator. When the cylindrical member is driven in its one
rotational direction by means of a power source such as
an electric motor or a hydraulic pump, one axial sliding
movement of the reciprocating block slider occurs by
way of the control screw portion and the control nut por-
tion. Conversely when the cylindrical member is driven
in the opposite rotational direction, the opposite axial
sliding movement of the reciprocating block slider oc-
curs by way of the control screw portion and the control
nut portion. During operation of the reciprocating engine
with the multiple-link type variable compression ratio
mechanism, owing to a piston combustion load (com-
pression pressure) or inertial load of each of the links,
a load acts upon the eccentric cam of the control shaft
through the piston pin, the upper link and the control link.
That is, owing to the piston combustion load, torque acts
to rotate the control shaft in a rotational direction and
thus a reciprocating load acts to move the reciprocating
block slider in its axial directions. The torque acting on
the control shaft will be hereinafter referred to as a "con-
trol-shaft torque". The reciprocating load mostly acts in
a principal direction, that is, in a direction of the force
acting on the reciprocating block slider owing to the pis-
ton combustion load. However, at a timing wherein the
piston combustion load is less and the inertial load is
great, the reciprocating load tends to act in a direction
opposite to the principal direction. If the direction of re-
ciprocating load acting on the reciprocating block slider
is reversed, there is an increased tendency for the re-
ciprocating block slider to oscillate within a backlash
(defined between the internal and external screw-
threaded portions) axially relative to the cylindrical
member (rotary member) of the actuator. Owing to re-
versal of the direction of reciprocating load acting on the
reciprocating block slider, there is a possibility of colli-
sion between the face of tooth of the inner screw-thread-
ed portion and the face of tooth of the external screw-
threaded portion, that is, undesired hammering noise
and vibration.
[0004] Accordingly, it is an object of the invention to
provide a variable compression ratio mechanism for a
reciprocating internal combustion engine, which avoids
or suppresses hammering noise and vibration to occur
owing to a backlash defined between internal and ex-
ternal screw-threaded portions being in meshed-en-
gagement with each other and constructing part of a
control-shaft actuator.
[0005] In order to accomplish the aforementioned and
other objects of the present invention, a variable com-
pression ratio mechanism for a reciprocating internal
combustion engine including a piston moveable through
a stroke in the engine and having a piston pin and a
crankshaft changing reciprocating motion of the piston
into rotating motion and having a crankpin, the variable
compression ratio mechanism comprises a plurality of
links mechanically linking the piston pin to the crankpin,
a control shaft to which an eccentric cam is attached so
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that a center of the eccentric cam is eccentric to a center
of the control shaft, a control link connected at one end
to one of the plurality of links and connected at the other
end to the eccentric cam, and an actuator that drives the
control shaft within a predetermined controlled angular
range and holds the control shaft at a desired angular
position so that a compression ratio of the engine con-
tinuously reduces by driving the control shaft in a first
rotational direction and so that the compression ratio
continuously increases by driving the control shaft in a
second rotational direction opposite to the first rotational
direction, the actuator comprising a reciprocating block
slider linked at a first end portion to the control shaft, a
rotary member being in meshed-engagement with the
second end portion of the slider by a meshing pair of
screw-threaded portions, so that rotary motion of the ro-
tary member is converted into axial sliding motion of the
slider to drive the control shaft in one of the first and
second rotational directions, and a hydraulic pressure
chamber facing an axial end face of the second end por-
tion of the slider, so that working-fluid pressure in the
hydraulic pressure chamber forces the slider in the
same axial direction as a direction of action of a recip-
rocating load acting on the slider during down stroke of
the piston, the reciprocating load acting on the slider in
axial directions of the slider during up and down strokes
of the piston.
[0006] The other objects and features of this invention
will become understood from the following description
with reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007]

Fig. 1 is an assembled view showing a first embod-
iment of a multiple-link type variable compression
ratio mechanism for a reciprocating engine.
Fig. 2 is an enlarged cross-sectional view illustrat-
ing a reciprocating block slider and a rotary member
in meshed-engagement and included in a control-
shaft actuator.
Fig. 3 is a characteristic curve illustrating a time
change in reciprocating load N in two difference
cases, namely in presence of hydraulic pressure
acting on an axial end face of the reciprocating
block slider, and in absence of hydraulic pressure
acting on the axial end face of the reciprocating
block slider.
Fig. 4 is a flow chart illustrating a control routine
used to control the opening and closing of a hydrau-
lic pressure regulating valve and the operation of
the control-shaft actuator incorporated in the multi-
ple-link type variable compression ratio mechanism
of the first embodiment.
Fig. 5 is a graph showing the relationship between
a crank angle and a control-shaft torque T at an en-
gine speed of 3000 rpm.

Fig. 6 is a graph showing the relationship between
a crank angle and a control-shaft torque T at engine
speed of 4000 rpm.
Fig. 7 is a graph showing the relationship between
a crank angle and a control-shaft torque T at engine
speed of 5000 rpm.
Fig. 8 is a graph showing the relationship between
a crank angle and a control-shaft torque T at engine
speed of 6000 rpm.
Fig. 9 is a flow chart illustrating another control rou-
tine used to control both the opening and closing of
a hydraulic pressure regulating valve and the oper-
ation of the control-shaft actuator incorporated in
the multiple-link type variable compression ratio
mechanism of the first embodiment.
Fig. 10 is a table showing setting of the valve posi-
tion of the hydraulic pressure regulating valve used
to adjust working-fluid pressure in a hydraulic pres-
sure chamber defined in the control-shaft actuator
incorporated in the multiple-link type variable com-
pression ratio mechanism of the first embodiment,
depending upon engine operating conditions and
the operating mode of the engine compression ra-
tio.
Fig. 11 is an assembled view showing a second em-
bodiment of a multiple-link type variable compres-
sion ratio mechanism for a reciprocating engine.
Fig. 12 is an assembled view showing a third em-
bodiment of a multiple-link type variable compres-
sion ratio mechanism for a reciprocating engine.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0008] Referring now to the drawings, particularly to
Fig. 1, a cylinder block 11 includes engine cylinders 12,
each consisting of a cylindrical design featuring a
smoothly finished inner wall that forms a combustion
chamber in combination with a piston 14 and a cylinder
head (not shown). A water jacket 13 is formed in the
cylinder block in such a manner as to surround each en-
gine cylinder. Cylinder 12 serves as a guide for recipro-
cating motion of piston 14. A piston pin 15 of each of the
pistons and a crankpin 17 of an engine crankshaft 16
are mechanically linked to each other by means of a
multiple-link type variable compression ratio mecha-
nism (or a multiple-link type piston crank mechanism).
In Fig. 1, reference sign 18 denotes a counterweight.
The linkage of the multiple-link type variable compres-
sion ratio mechanism is comprised of three links, name-
ly a lower link 21, a rod-shaped upper link 22, and a
control link 25. Lower link 21 is fitted onto the outer pe-
riphery of crankpin 17 in a manner so as to permit rela-
tive rotation of lower link 21 to crankpin 17. Upper link
22 is provided to mechanically link the lower link therevia
to the piston pin. In order to vary the attitude of each of
lower link 21 and upper link 22, the variable compres-
sion ratio mechanism of the embodiment also includes
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a control shaft 23 extending parallel to the axis of crank-
shaft 16, that is, arranged in a direction parallel to the
cylinder row, and an eccentric cam 24 attached to the
control shaft so that the center of eccentric cam 24 is
eccentric to the center of control shaft 23. Eccentric cam
24 and lower link 21 are mechanically linked to each oth-
er through control link 25. A control-shaft actuator 30
(drive means) is provided to rotate or drive control shaft
23 within a predetermined controlled angular range and
to hold the control shaft at a desired angular position.
The upper end portion of rod-shaped upper link 22 is
linked to piston pin 15 in a manner so as to permit rela-
tive rotation of upper link 22 to piston pin 15. The lower
end portion of rod-shaped upper link 22 is linked or pin-
connected to lower link 21 by way of a connecting pin
26, in a manner so as to permit relative rotation of upper
link 22 to lower link 21. One end (the upper end) of con-
trol link 25 is linked or pin-connected to lower link 21 by
way of a connecting pin 27, for relative rotation. The oth-
er end (the lower end) of control link 25 is rotatably fitted
onto the outer periphery of eccentric cam 24 for relative
rotation of control link 25 to eccentric cam 24. Actuator
30 includes a substantially cylindrical actuator casing 31
fixedly connected to cylinder block 11, a reciprocating
block slider (or a reciprocating piston) 32 that recipro-
cates in the actuator casing 31, and a substantially cy-
lindrical rotary member 34 being meshed-engagement
with the rear end portion of reciprocating block slider 32
by means of a meshing pair of screw-threaded portions
(33a, 33b). In more detail, as shown in Fig. 2, an external
screw-threaded portion 33a is formed on the outer pe-
riphery of the substantially rod-like, rear end portion of
reciprocating block slider 32, whereas an internal screw-
threaded portion 33b is formed on the inner periphery
of substantially cylindrical rotary member 34, so that the
internal and external screw-threaded portions 33b and
33a are in meshed-engagement with each other. In or-
der to allow a dimensional tolerance, there is a prede-
termined backlash 33c (i.e., a predetermined axial clear-
ance) between the face of tooth of external screw-
threaded portion 33a and the face of tooth of internal
screw-threaded portion 33b. Referring again to Fig. 1,
reciprocating block slider 32 is arranged in a direction
normal to the axis of control shaft 23 in such a manner
as to reciprocate in the actuator casing 31 in the axial
direction of reciprocating block slider 32. A pin 35 is at-
tached to the tip end portion (the front end portion) of
reciprocating block slider 32 so that the axis of pin 35 is
arranged in a direction perpendicular to the axial direc-
tion of reciprocating block slider 32. On the other hand,
a control plate 36 is attached to one end of control shaft
23 and has a radially extending slit 37. Pin 35 of recip-
rocating block slider 32 is slidably fitted into slit 37 of
control plate 36. Rotary member 34 is rotatably support-
ed in actuator casing 31 by means of bearings 38 in a
manner so as to rotate about its axis. An output shaft 39
of a power source such as an electric motor is fixedly
connected to one end of rotary member 34. In the shown

embodiment, the electric motor is used as a power
source. In lieu thereof, a hydraulic pump may be used
as a power source. In response to a control signal from
an electronic engine control unit often abbreviated to
"ECU" (not shown), rotary member 34 can be rotated or
driven about its axis via the output shaft 34 of the power
source. The control signal value of the ECU is depend-
ent upon engine operating conditions such as engine
speed and load. A hydraulic pressure chamber 40 is
formed in actuator casing 31 of actuator 30 so that hy-
draulic pressure chamber 40 faces the rear axial end
face 32a of reciprocating block slider 32. Concretely, hy-
draulic pressure chamber 40 is defined by the inner pe-
ripheral wall surface of rotary member 34, the rear axial
end face 32a of reciprocating block slider 32, and a cap
portion 34a attached to the connecting end of output
shaft 39 fixedly connected to rotary member 34. Cap
portion 34a serves to plug up the opening end of sub-
stantially cylindrical rotary member 34 in a fluid-tight
fashion. As seen in Fig. 1, a hydraulic modulator is pro-
vided to control or regulate the hydraulic pressure in hy-
draulic pressure chamber 40. The hydraulic modulator
is comprised of a working-fluid supply passage 42, an
oil pump 43 serving as a hydraulic pressure source, and
a one-way check valve 44. Supply passage 42 is pro-
vided to supply working fluid reserved in an oil pan 41
into hydraulic pressure chamber 40. Check valve 44 is
fluidly disposed between oil pump 43 and hydraulic
pressure chamber 40 so as to check or prevent back
flow of working fluid from hydraulic pressure chamber
40 toward oil pump 43. Supply passage 42 includes a
substantially annular circumferential groove 45 formed
or recessed in the inner periphery of substantially cylin-
drical actuator casing 31, and a first one of a pair of radial
through holes (46, 46) formed in substantially cylindrical
rotary member 34 in such a manner that circumferential
groove 45 is communicated with hydraulic pressure
chamber 40 through the first radial through hole 46. The
hydraulic modulator also includes a working-fluid drain
passage 47 and a hydraulic pressure regulating valve
48. Drain passage 47 is provided to drain the working
fluid from hydraulic pressure chamber 40 into oil pan 41.
Hydraulic pressure regulating valve 48 is fluidly dis-
posed in drain passage 47 to regulate or adjust the hy-
draulic pressure in hydraulic pressure chamber 40 or the
hydraulic pressure in drain passage 47. Hydraulic pres-
sure regulating valve 48 also serves as a pressure relief
valve that opens when a predetermined pressure is
reached, to prevent the hydraulic pressure in hydraulic
pressure chamber 40 from excessively developing.
Drain passage 47 includes both the previously-noted
circumferential groove 45 and the second radial through
hole 46.
[0009] With the previously-noted arrangement, when
rotary member 34 is driven in its one rotational direction
in response to a control signal from the ECU, one axial
sliding movement of reciprocating block slider 32,
threadably engaged with rotary member 34, occurs.
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Conversely, when rotary member 34 is driven in the op-
posite rotational direction in response to a control signal
from the ECU, the opposite axial sliding movement of
reciprocating block slider 32 occurs . In this manner, re-
ciprocating block slider 32 can move relative to rotary
member 34 in its axial direction (see the axis 32c of Fig.
1), and thus control shaft 23 can be rotated in a desired
rotational direction based on the control signal from the
ECU, with sliding movement of pin 35 within slit 37. As
may be appreciated, actuator 30 is designed or con-
structed so that undesirable reciprocating motion of the
reciprocating block slider is prevented by way of
meshed-engagement between internal screw-threaded
portion 33b of rotary member 34 and external screw-
threaded portion 33a of reciprocating block slider 32,
and so that rotary motion of rotary member 34 is con-
verted into reciprocating motion of reciprocating block
slider 32. That is, the power-transmission mechanism
of actuator 30 is constructed as an irreversible power-
transmission mechanism containing the meshing pair of
screw-threaded portions (33a, 33b) disposed between
rotary member 34 and reciprocating block slider 32. In
this manner, the center of oscillating motion of control
link 25 fitted onto eccentric cam 24 can be varied by ro-
tating control shaft 23 depending on engine operating
conditions. As a result of this, the attitude of each of up-
per and lower links 22 and 21 also varies. A compres-
sion ratio of the combustion chamber, that is, a com-
pression ratio between the volume existing within the
cylinder with the piston at BDC and the volume in the
cylinder with the piston at TDC can be variably control-
led depending upon engine operating conditions. In the
variable compression ratio mechanism of the embodi-
ment, piston pin 15 and crankshaft 16 are mechanically
linked by means of only two links, namely upper and low-
er links 22 and 21. Therefore, the variable compression
ratio mechanism of the embodiment is simple in con-
struction, as compared to a multiple-link type variable
compression ratio mechanism comprised of three or
more links. Additionally, control link 25 is connected to
lower link 21, but not connected to upper link 22. Thus,
control link 25 and control shaft 23 can be laid out within
a comparatively wide space defined in the lower portion
of the engine. Thus, it is possible to easily mount the
variable compression ratio mechanism of the embodi-
ment in the engine.
[0010] During operation of the engine, owing to the
piston combustion load Fp pushing the piston crown of
piston 14 downwards or owing to inertial load of each of
links, input load acts upon eccentric cam 24 of control
shaft 23 through piston pin 15, upper link 22, connecting
pin 26, lower link 21, connecting pin 27 and control link
25, and as a result input torque (control-shaft torque) T
acts to rotate control shaft 23 in a rotational direction
and thus a reciprocating load (N, N') acts to move the
reciprocating block slider in axial directions of recipro-
cating block slider 32 during up and down strokes of the
piston. Reciprocating load N mostly acts in a principal

direction, that is, in a direction P of the force acting on
the reciprocating block slider during down stroke of the
piston owing to piston combustion load Fp (see the di-
rection P indicated in Fig. 2). However, at a timing
wherein piston combustion load Fp is less and inertial
load is great, as appreciated from the waveform of re-
ciprocating load N indicated by the broken line in Fig. 3,
there is a possibility that the reciprocating load acts in a
direction opposite to the principal direction P (see the
opposite direction P' in Fig. 3). As indicated by the bro-
ken line in Fig. 3, if the direction of the reciprocating load
acting on reciprocating block slider 32 is reversed, there
is an increased tendency for reciprocating block slider
32 to oscillate or move axially relative to rotary member
34 within the predetermined backlash 33c. Due to re-
versal of the direction of the reciprocating load acting on
reciprocating block slider 32, there is a possibility of col-
lision between the face of tooth of inner screw-threaded
portion 33b of rotary member 34 and the face of tooth
of external screw-threaded portion 33a of reciprocating
block slider 32, that is, undesired hammering noise and
vibration. To avoid this, the variable compression ratio
mechanism of the embodiment is constructed so that
reciprocating block slider 32 is biased in the same di-
rection as the principal direction P of the reciprocating
load by virtue of the working-fluid pressure in hydraulic
pressure chamber 40. That is, hydraulic pressure cham-
ber 40 is constructed to face the previously-noted recip-
rocating-block-slider rear axial end face 32a facing in
the opposite direction P' (see Fig. 2), so that the hydrau-
lic pressure in hydraulic pressure chamber 40 is applied
onto reciprocating-block-slider rear axial end face 32a.
In the shown embodiment, when reciprocating block
slider 32 moves in the principal direction P, control shaft
23 rotates in the direction of the low compression ratio.
In contrast to the above, when reciprocating block slider
32 moves in the opposite direction P', control shaft 23
rotates in the direction of the high compression ratio.
That is to say, pressure chamber 40 faces to reciprocat-
ing-block-slider rear axial end face 32a facing in the di-
rection P' of the high compression ratio, so that the hy-
draulic pressure constantly acts on reciprocating-block-
slider rear axial end face 32a during operation of the
engine. In other words, during operation of the engine,
reciprocating block slider 32 is pre-loaded in the princi-
pal direction P by constantly acting the hydraulic pres-
sure in pressure chamber 40 on reciprocating-block-
slider rear axial end face 32a. As a result of this, as ap-
preciated from the waveform of reciprocating load N in-
dicated by the solid line in Fig. 3, the direction of recip-
rocating load N is always maintained in the principal di-
rection P. That is, in the presence of application of hy-
draulic pressure properly regulated and acting on recip-
rocating-block-slider rear axial end face 32a, there is no
risk of reversing the direction of the reciprocating load
owing to the piston combustion load Fp and inertial load
of each of links. That is, the hydraulic pressure in hy-
draulic pressure chamber 40 is set or regulated to a pre-
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determined pressure level (or a set pressure value) that
reversal of the direction of reciprocating load N never
occurs. During application of the hydraulic pressure reg-
ulated to the predetermined pressure level, as shown in
Fig. 2, the face of tooth of reciprocating-block-slider ex-
ternal screw-threaded portion 33a facing in the principal
direction P is constantly pressed against the face of
tooth of rotary-member internal screw-threaded portion
33b facing in the opposite direction P'. This effectively
avoids undesired collision between the face of tooth of
inner screw-threaded portion 33b and the face of tooth
of external screw-threaded portion 33a and effectively
prevents undesired hammering noise and vibration
which may occur owing to predetermined backlash 33c.
In addition to the above, a portion of working fluid in hy-
draulic pressure chamber 40 can be fed into the tooth
space between the meshing pair of screw-threaded por-
tions (33a, 33b), for good lubrication of the face of tooth
and enhanced durability. Furthermore, the hydraulic
modulator has the check valve 44 fluidly disposed in
supply passage 42 and between oil pump 43 and hy-
draulic pressure chamber 40. By the use of check valve
44, it is possible to certainly prevent counter-flow of
working fluid in hydraulic pressure chamber 40 back to
oil pump 43.
[0011] Referring now to Fig. 4, there is shown the con-
trol routine needed to control the opening and closing of
hydraulic pressure regulating valve 48 and the operation
of the power source (electric motor) for control-shaft ac-
tuator 30. The routine shown in Fig. 4 is executed as
time-triggered interrupt routines to be triggered every
predetermined time intervals.
[0012] At step S11, engine speed Ne, an intake-air
quantity Qa, and a phase angle θcs of control shaft 23
are read.
[0013] At step S12, a target compression ratio εgoal is
arithmetically calculated based on both engine speed
Ne and intake-air quantity Qa.
[0014] At step S13, an actual compression ratio εnow
is arithmetically calculated based on phase angle θcs of
control shaft 23.
[0015] At step S14, a check is made to determine
whether target compression ratio εgoal is greater than
actual compression ratio εnow. When the answer to step
S14 is in the affirmative (εgoal > εnow), that is, when shift-
ing of the reciprocating block slider to the direction of
the high compression ratio is required (in other words,
when a decrease in the volume in hydraulic pressure
chamber 40 is required), the routine proceeds from step
S14 to step S15. At step S15, hydraulic pressure regu-
lating valve 48 is opened, and as a result a part of the
working fluid in hydraulic pressure chamber 40 is prop-
erly exhausted into oil pan 41, thus avoiding an exces-
sive rise in hydraulic pressure in pressure chamber 40.
Thereafter, the routine flows from step S15 to step S16.
At step S16, output shaft 39 of the power source (motor)
is rotated or driven in the high-compression-ratio rota-
tional direction. Conversely, when the answer to step

S14 is in the negative (εgoal % εnow), that is, when shifting
of the reciprocating block slider to the direction of the
low compression ratio is required (in other words, when
an increase in the volume in hydraulic pressure cham-
ber 40 is required), the routine proceeds from step S14
to step S17. At step S17, hydraulic pressure regulating
valve 48 is closed, and as a result the working fluid in
hydraulic pressure chamber 40 is not exhausted via
drain passage 47 into oil pan 41, but properly charged
or stored in hydraulic pressure chamber 40. In the same
manner as shifting of reciprocating block slider 32 to the
direction of the low compression ratio, when the recip-
rocating block slider has to be maintained at the current
axial position, that is, when the volume in hydraulic pres-
sure chamber 40 has to be held constant, the routine
proceeds from step S14 to step S17, and therefore hy-
draulic pressure regulating valve 48 is closed. As a re-
sult, the working fluid in hydraulic pressure chamber 40
is not exhausted via drain passage 47 into oil pan 41,
and thus a pressure drop in the hydraulic pressure in
pressure chamber 40 is suppressed. After step S17,
step S18 occurs. At step S18, a check is made to deter-
mine whether target compression ratio εgoal is equal to
actual compression ratio εnow. When the answer to step
S18 is in the affirmative (εgoal = εnow), one cycle of the
control routine terminates. Conversely when the answer
to step S18 is in the negative ( εgoal ≠ εnow), the routine
proceeds from step S18 to step S19. At step S19, output
shaft 39 of the power source (motor) is rotated or driven
in the low-compression-ratio rotational direction. The
predetermined pressure level of the hydraulic pressure
in pressure chamber 40 is determined depending on the
discharge pressure of working fluid discharged from oil
pump 43. For the purpose of certainly preventing unde-
sired oscillation of reciprocating block slider 32 owing to
predetermined backlash 33c, the set pressure value of
working fluid in hydraulic pressure chamber 40 may be
set to a pressure value higher than the discharge pres-
sure of oil pump 43. In this case, the set pressure value
higher than the discharge pressure of oil pump 43 can
be obtained by shifting the reciprocating block slider to
the high-compression-ratio direction under a condition
wherein hydraulic pressure regulating valve is closed
and thus the working fluid in sealed up in pressure
chamber 40.
[0016] Referring now to Figs. 5 through 8, there are
shown waveforms of control-shaft torque T in a four-cyl-
inder engine. A particular condition in which control-
shaft torque T acting on control shaft 23 is reversed (that
is, the direction of reciprocating load N acting on recip-
rocating block slider 32 is reversed), in other words, the
torque value of input torque acting on control shaft 23 is
changed from positive to negative, is hereunder de-
scribed in detail in reference to Figs. 5 - 8. In Figs. 5 -
8, the x-axis (abscissa) indicates a crank angle (unit:
degrees), the y-axis (ordinate) indicates control-shaft
torque T acting on control shaft 23, #1TCS indicates the
control-shaft torque occurring in No. 1 cylinder, #2TCS
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indicates the control-shaft torque occurring in No. 2 cyl-
inder, #3TCS indicates the control-shaft torque occur-
ring in No. 3 cylinder, #4TCS indicates the control-shaft
torque occurring in No. 4 cylinder, and TOTAL TCS in-
dicates the total control-shaft torque. The angular posi-
tion of crankshaft 16 corresponding to 0° crankangle is
defined as a specified state wherein the axis of crankpin
17 is aligned with the axis of crankshaft 16 in the major
thrust direction or in the minor thrust direction. The di-
rection of action of control-shaft torque T created when
the downward piston combustion load Fp acts on the
piston crown of piston 14, that is, the clockwise direction
(see the direction of action of torque T shown in Fig. 1)
is defined as a positive direction. In contrast, the coun-
terclockwise direction is defined as a negative direction.
That is to say, when control-shaft torque T is positive
and thus the direction of action of control-shaft torque T
is the positive direction, the reciprocating load acts on
reciprocating block slider 32 in the principal direction P.
Conversely when control-shaft torque T is negative and
thus the direction of action of control-shaft torque T is
the negative direction, the reciprocating load acts on re-
ciprocating block slider 32 in the opposite direction P'.
As seen in Fig. 2, the reciprocating load acting on recip-
rocating block slider 32 in the principal direction P is de-
noted by "N", while the reciprocating load acting on re-
ciprocating block slider 32 in the opposite direction P' is
denoted by "N' ". Figs. 5, 6, 7 and 8 show respective
simulation results obtained at four different engine
speeds, namely 3000 rpm, 4000 rpm, 5000 rpm, 6000
rpm. In case of the four-cylinder engine, the control-
shaft torque becomes maximum every 90° crankangle
at which the piston of each cylinder passes through
TDC. On the contrary, the control-shaft torque becomes
minimum at every crankangle being offset from the
crankangle corresponding to the maximum control-shaft
torque by approximately 45 degrees. The decrease in
control-shaft torque T mainly arises from the increase
in inertial load acting on the piston in the direction op-
posite to the direction of action of piston combustion
load Fp. The inertial load tends to increase, as the en-
gine speed increases. For the reasons set forth above,
as can be appreciated from the waveform of total con-
trol-shaft torque TOTAL TCS shown in Fig. 5, in a pre-
determined engine speed range less than or equal to a
predetermined low engine speed α such as 3000 rpm,
the minimum torque value of the total control-shaft
torque is a positive value. In other words, in the prede-
termined engine speed range, the direction of action of
control-shaft torque T is the positive direction, that is,
the low-compression-ratio direction, and thus there is
no risk of reversing the direction of action of control-
shaft torque T (i.e., the direction of reciprocating load
N). The previously-noted predetermined low engine
speed α below which reversal of the direction of recip-
rocating load N (i.e., reversal of the direction of action
of control-shaft torque T) never occurs, varies depend-
ing on both the engine load and phase angle θcs of con-

trol shaft 23. Thus, it is preferable to variably set the pre-
determined low engine speed α, taking into account
both the engine load and phase angle θcs of control shaft
23. During operation of the engine in the predetermined
engine speed range less than or equal to predetermined
low engine speed α, there is no risk of reversing the di-
rection of action of control-shaft torque T (i.e. , the di-
rection of reciprocating load N), and therefore hydraulic
pressure regulating valve 48 is opened to reduce the
working-fluid pressure in hydraulic pressure chamber
40. As a result of this, a load of oil pump 43 can be re-
duced, and thus the engine efficiency can be enhanced.
In contrast to the above, during operation of the engine
in an engine speed range above the predetermined low
engine speed α, as can be appreciated from the wave-
forms of total control-shaft torque TOTAL TCS shown in
Figs. 6 - 8, in an engine speed range above predeter-
mined low engine speed α such as 3000 rpm, the min-
imum torque value of the total control-shaft torque is a
negative value. That is, in the engine speed range above
predetermined low engine speed α, there is a risk of re-
versing the direction of action of control-shaft torque T
(i.e., the direction of reciprocating load N). In more de-
tail, the absolute value of the negative minimum torque
value of total control-shaft torque TOTAL TCS tends to
increase, as the engine speed increases from 4000 rpm
(see Fig. 6) via 5000 rpm (see Fig. 7) to 6000 rpm (see
Fig. 8). In such a case, hydraulic pressure regulating
valve 48 is closed, so as to produce a relatively high
hydraulic pressure enough to avoid undesirable revers-
al of the direction of reciprocating load N (i.e., undesir-
able reversal of the direction of action of control-shaft
torque T). Fig. 9 shows the modified control routine
needed to control the opening and closing of hydraulic
pressure regulating valve 48 and the operation of the
power source (electric motor) for control-shaft actuator
30, taking account of whether the engine is operating in
or out of the predetermined engine speed range above
predetermined low engine speed α.
[0017] The modified control routine of Fig. 9 is similar
to the routine of Fig. 4, except that step S17 included in
the routine shown in Fig. 4 is replaced with steps S27,
S28, S29 and S30 included in the modified routine
shown in Fig. 9. Thus, the same step numbers used to
designate steps in the routine shown in Fig. 4 will be
applied to the corresponding step numbers used in the
modified routine shown in Fig. 9, for the purpose of com-
parison of the two different routines. Steps S21, S22,
S23, S24, S25, S26, S31, and S32 shown in Fig. 9 cor-
respond to the respective steps S11, S12, S13, S14,
S15, S16, S18, and S19 shown in Fig. 4. Steps S27,
S28, S29 and S30 will be hereinafter described in detail
with reference to the accompanying drawings, while de-
tailed description of steps S21 through S26, S31 and
S32 will be omitted because the above description ther-
eon seems to be self-explanatory.
[0018] When the answer to step S24 is affirmative
(εgoal > εnow), that is, when shifting of the reciprocating
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block slider to the direction of the high compression ratio
is required (in other words, when a decrease in the vol-
ume in hydraulic pressure chamber 40 is required), the
routine proceeds from step S24 to step S25, so as to
open hydraulic pressure regulating valve 48. As a result,
a part of the working fluid in hydraulic pressure chamber
40 is properly exhausted into oil pan 41, thus avoiding
an excessive rise in hydraulic pressure in pressure
chamber 40. Thereafter, at step S26, output shaft 39 of
the power source (motor) is rotated or driven in the high-
compression-ratio rotational direction.
[0019] Conversely when the answer to step S24 is
negative (εgoal % εnow), that is, when shifting of the re-
ciprocating block slider to the direction of the low com-
pression ratio is required (in other words, when an in-
crease in the volume in hydraulic pressure chamber 40
is required), or when the reciprocating block slider has
to be maintained at the current axial position, that is,
when the volume in hydraulic pressure chamber 40 has
to be held constant, the routine proceeds from step S24
to step S27. At step S27, the waveform of control-shaft
torque T is calculated or estimated on the basis of en-
gine operating conditions, in particular engine speed Ne
(see Figs. 5 through 8). Thereafter, at step S28, a check
is made to determine whether control-shaft torque T act-
ing in the opposite direction P' (in the direction of the
high compression ratio) exists, that is, whether the di-
rection of action of control-shaft torque T is reversed. In
other words, at step S28, a check is made to determine
whether the engine is operating in the engine speed
range above predetermined low engine speed α for ex-
ample 3000 rpm. When the answer to step S28 is af-
firmative, that is, when step S28 determines that the di-
rection of action of control-shaft torque T is reversed,
the routine proceeds from step S28 to step S29. At step
S29, hydraulic pressure regulating valve 48 is closed,
and as a result the working fluid in hydraulic pressure
chamber 40 is not exhausted via drain passage 47 into
oil pan 41, thus effectively preventing or suppressing a
drop in working-fluid pressure in hydraulic pressure
chamber 40. As a consequence, it is possible to effec-
tively prevent reversal of the direction of action of con-
trol-shaft torque T by virtue of the relatively high work-
ing-fluid pressure in hydraulic pressure chamber 40. In
contrast to the above, when the answer to step S28 is
negative, that is, when step S28 determines that the di-
rection of action of control-shaft torque T is not reversed,
the routine proceeds from step S28 to step S30. At step
S30, hydraulic pressure regulating valve 48 is opened,
and as a result an undesirable pressure rise in the work-
ing fluid in hydraulic pressure chamber 40 is avoided.
After steps S29 or S30, step S31 occurs. When the an-
swer to step S31 is in the affirmative (εgoal = εnow), one
cycle of the control routine terminates. Conversely when
the answer to step S31 is in the negative ( εgoal ≠ εnow),
the routine proceeds from step S31 to step S32, so as
to drive the output shaft of the power source (motor) in
the low-compression-ratio rotational direction. As dis-

cussed above in reference to Fig. 9, when the ECU de-
termines that control-shaft torque T acting in the oppo-
site direction P' does not exist and thus the direction of
action of control-shaft torque T is not reversed, for ex-
ample during low-speed, high-load operation, hydraulic
pressure regulating valve 48 is opened irrespective of
whether the variable compression ratio mechanism is
operated in a low-to-high compression ratio changing
mode wherein the engine compression ratio is changed
from low to high, in a high-to-low compression ratio
changing mode wherein the engine compression ratio
is changed from high to low, or in a hold compression
ratio mode wherein the engine compression ratio is held
constant (see Fig. 10). Conversely when the ECU de-
termines that control-shaft torque T acting in the oppo-
site direction P' exists and thus the direction of action of
control-shaft torque T is reversed, for example during
high-speed, low-load operation, hydraulic pressure reg-
ulating valve 48 is closed when the variable compres-
sion ratio mechanism is operated in the high-to-low
compression ratio changing mode or in the hold com-
pression ratio mode, but opened when the variable com-
pression ratio mechanism is operated in the low-to-high
compression ratio changing mode (see Fig. 10). As set
forth above, according to the variable compression ratio
mechanism of the embodiment, it is possible to effec-
tively prevent reversal of the direction of action of con-
trol-shaft torque T depending on the engine speed Ne,
by properly rising the working-fluid pressure in hydraulic
pressure chamber 40 in accordance with an increase in
the engine speed. It is advantageous to use oil pump 43
constructed as a mechanical oil pump which is mechan-
ically linked to engine crankshaft 16 so that the oil pump
is driven by way of rotation of crankshaft 16, since a driv-
ing force of oil pump 43 increases as the engine speed
increases and therefore the working-fluid pressure in
hydraulic pressure chamber 40 also rises in accordance
with the increase in the engine speed.
[0020] Fig. 11 shows the cross section of the multiple-
link type variable compression ratio mechanism of the
second embodiment, whereas Fig. 12 shows the cross
section of the multiple-link type variable compression ra-
tio mechanism of the third embodiment. The variable
compression ratio mechanism of each of the second
and third embodiments is similar to the first embodiment
of Fig. 1. Thus, the same reference signs used to des-
ignate elements in the mechanism of the first embodi-
ment shown in Fig. 1 will be applied to the corresponding
reference signs used in the mechanism of each of the
second and third embodiments, for the purpose of com-
parison among the first, second, and third embodi-
ments. Detailed description of the same elements will
be omitted because the above description thereon
seems to be self-explanatory.
[0021] The variable compression ratio mechanism of
the second embodiment shown in Fig. 11 is different
from that of the first embodiment shown in Fig. 1, in that
a spring 50 is further provided and thus reciprocating
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block slider 32 is spring-biased. Exactly speaking,
spring 50 is disposed between reciprocating-block-slid-
er rear axial end face 32a and cap portion 34a in a prop-
erly compressed state, in a manner so as to bias recip-
rocating block slider 32 in the same direction as the di-
rection that the reciprocating block slider is forced by
way of the working-fluid pressure in hydraulic pressure
chamber 40. Assuming that there is air in the hydraulic
system of control-shaft actuator 30, in particular in the
hydraulic pressure chamber, the pushing force applied
to reciprocating block slider 32 by way of hydraulic pres-
sure in pressure chamber 40 may be decreased. To
compensate for lack of pushing force, spring 50 is very
useful. By optimizing the pushing force applied to recip-
rocating block slider 32 by way of both spring bias and
hydraulic pressure, it is possible to certainly prevent re-
versal of the direction of reciprocating load N acting on
reciprocating block slider 32.
[0022] The structure of a control-shaft actuator 30' in-
corporated in the variable compression ratio mecha-
nism of the third embodiment shown in Fig. 12 is differ-
ent from the structure of actuator 30 incorporated in the
mechanism of the first embodiment shown in Fig. 1, as
described hereunder.
[0023] In actuator 30' of the third embodiment, a rota-
ry member 34' is not cylindrical, and in lieu thereof the
rear end portion of a reciprocating block slider 32' is
formed as a substantially cylindrical portion. Rotary
member 34' fixedly connected to the output shaft of the
power source (motor) is substantially rod-shaped and
has an external screw-threaded portion 33a' formed on
the outer periphery thereof. On the other hand, an inter-
nal screw-threaded portion 33b' is formed on the inner
periphery of the substantially cylindrical rear end portion
of reciprocating block slider 32', such that internal
screw-threaded portion 33b' is in meshed-engagement
with external screw-threaded portion 33a'. Working fluid
is supplied into the tooth space between the meshing
pair of screw-threaded portions (33a', 33b') through a
circumferential groove 45' formed in the inner periphery
of a substantially cylindrical actuator casing 31' and a
pair of radial through holes (46', 46') formed in the sub-
stantially cylindrical rear end portion of reciprocating
block slider 32'. Then, a part of the working fluid supplied
into the tooth space between the meshing pair of screw-
threaded portions (33a', 33b') is returned via an auxiliary
hydraulic pressure chamber 51 defined in the closed
end of substantially cylindrical actuator casing 31' and
an auxiliary working-fluid drain passage 52 communi-
cating auxiliary hydraulic pressure chamber 51 into
drain passage 47 downstream of hydraulic pressure
regulating valve 48. Additionally, more of the working flu-
id supplied into the tooth space between the meshing
pair of screw-threaded portions (33a', 33b') is delivered
into the main hydraulic pressure chamber 40 defined by
the inner peripheral wall surface of the substantially cy-
lindrical rear end portion of reciprocating block slider 32'
and the innermost axial end face of rod-shaped rotary

member 34'formed with external screw-threaded por-
tion 33a'. Working fluid drained from the main hydraulic
pressure chamber 40 and working fluid drained from the
auxiliary hydraulic pressure chamber 51 flow together
at the downstream side of hydraulic pressure regulating
valve 48, and returns to oil pan 41.
[0024] In actuator 30 of the first embodiment of Fig.
1, in order to smoothly rotate substantially cylindrical ro-
tary member 34 (loosely fitted into the axial bore defined
in actuator casing 31) about its axis, the rotary member
has to be supported by means of bearings. In contrast,
in actuator 30' of the third embodiment of Fig. 12, the
substantially cylindrical rear end portion of reciprocating
block slider 32' is loosely fitted into the axial bore defined
in actuator casing 31'. The substantially cylindrical rear
end portion of reciprocating block slider 32' is not rotat-
ed, but axially slid. This eliminates the necessity of bear-
ings, and thus actuator 30' of the third embodiment is
simple in construction. Additionally, rotary member 34'
can be small-sized, because rotary member 34' is con-
structed as a rod-shaped male screw-threaded portion
fixed to the output shaft of the power source (motor).
This contributes to a reduction in the moment of inertia
of the rotary member with respect to its axis, thus en-
hancing the response of switching between two different
compression ratios.
[0025] The entire contents of Japanese Patent Appli-
cation No. P2000-332254 (filed October 31, 2000) is in-
corporated herein by reference.
[0026] While the foregoing is a description of the pre-
ferred embodiments carried out the invention, it will be
understood that the invention is not limited to the partic-
ular embodiments shown and described herein, but that
various changes and modifications may be made with-
out departing from the scope or spirit of this invention
as defined by the following claims.

Claims

1. A variable compression ratio mechanism for a re-
ciprocating internal combustion engine including a
piston (14) moveable through a stroke in the engine
and having a piston pin (15) and a crankshaft (16)
changing reciprocating motion of the piston into ro-
tating motion and having a crankpin (17), the vari-
able compression ratio mechanism comprising:

a plurality of links (21, 22) mechanically linking
the piston pin (15) to the crankpin (17);
a control shaft (23) to which an eccentric cam
(24) is attached so that a center of the eccentric
cam is eccentric to a center of the control shaft
(23);
a control link (25) connected at one end to one
of the plurality of links (21, 22) and connected
at the other end to the eccentric cam (24); and
an actuator (30; 30') that drives the control shaft
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(23) within a predetermined controlled angular
range and holds the control shaft (23) at a de-
sired angular position so that a compression ra-
tio of the engine continuously reduces by driv-
ing the control shaft (23) in a first rotational di-
rection and so that the compression ratio con-
tinuously increases by driving the control shaft
(23) in a second rotational direction opposite to
the first rotational direction; the actuator (30;
30') comprising:

(i) a reciprocating block slider (32; 32')
linked at a first end portion to the control
shaft (23);
(ii) a rotary member (34; 34') being in
meshed-engagement with the second end
portion of the slider (32; 32') by a meshing
pair of screw-threaded portions (33a, 33b;
33a', 33b'), so that rotary motion of the ro-
tary member (34; 34') is converted into ax-
ial sliding motion of the slider (32; 32') to
drive the control shaft (23) in one of the first
and second rotational directions; and
(iii) a hydraulic pressure chamber (40) fac-
ing an axial end face of the second end por-
tion of the slider (32), so that working-fluid
pressure in the hydraulic pressure cham-
ber (40) forces the slider (32; 32') in the
same axial direction as a direction of action
of a reciprocating load (N) acting on the
slider (32; 32') during down stroke of the
piston (14), the reciprocating load (N, N')
acting on the slider (32; 32') in axial direc-
tions of the slider (32; 32') during up and
down strokes of the piston (14).

2. The variable compression ratio mechanism as
claimed in claim 1, wherein the hydraulic pressure
chamber (40) is provided so that the control shaft
(23) is rotated in a direction of a low compression
ratio when the slider (32; 32') is forced in the same
axial direction as the direction of action of the recip-
rocating load (N) acting on the slider (32; 32') during
down stroke of the piston (14).

3. The variable compression ratio mechanism as
claimed in claims 1 or 2, wherein a check valve (44)
is disposed in a working-fluid supply passage (42)
that supplies working fluid into the hydraulic pres-
sure chamber (40).

4. The variable compression ratio mechanism as
claimed in any one of preceding claims, wherein a
hydraulic pressure regulating valve (48) is disposed
in a working-fluid drain passage (47) that drains the
working fluid from the hydraulic pressure chamber
(40), and the hydraulic pressure regulating valve
(48) is opened at least when the slider (32; 32')

moves in a direction that a volume in the hydraulic
pressure chamber (40) decreases.

5. The variable compression ratio mechanism as
claimed in claim 4, which further comprises a cal-
culation section that calculates a predetermined en-
gine speed (α) below which there is no risk of re-
versing the direction of action of the reciprocating
load (N), based on engine load and a phase angle
(θcs) of the control shaft (23), and the hydraulic pres-
sure regulating valve (48) is closed when engine
speed is above the predetermined engine speed (α)
and additionally the volume in the hydraulic pres-
sure chamber (40) increases or remains un-
changed.

6. The variable compression ratio mechanism as
claimed in any one of preceding claims, wherein the
working-fluid pressure in the hydraulic pressure
chamber (40) rises as the engine speed increases.

7. The variable compression ratio mechanism as
claimed in any one of preceding claims, wherein an
oil pump (43) that pressurizes working fluid and
supplies the pressurized working fluid into the hy-
draulic pressure chamber (40), is driven by way of
rotation of the crankshaft (16).

8. The variable compression ratio mechanism as
claimed in any one of preceding claims, wherein a
pressure relief valve (48) is disposed in a working-
fluid drain passage (47) that drains the working fluid
from the hydraulic pressure chamber (40), in such
a manner as to open when a predetermined pres-
sure is reached.

9. The variable compression ratio mechanism as
claimed in claims 1 through 8, wherein the rotary
member (34) is substantially cylindrical in shape,
and the meshing pair of screw-threaded portions
(33a, 33b) comprises:

(i) an external screw-threaded portion (33a)
formed on an outer periphery of the second end
portion of the slider (32); and
(ii) an internal screw-threaded portion (33b)
formed on an inner periphery of the substantial-
ly cylindrical rotary member (34), so that the in-
ternal and external screw-threaded portions
(33b, 33a) are in meshed-engagement with
each other.

10. The variable compression ratio mechanism as
claimed in claims 1 through 8, wherein the rotary
member (34') is substantially rod-shaped, and the
second end portion of the slider (32) is substantially
cylindrical in shape, and the meshing pair of screw-
threaded portions (33a', 33b') comprises:

17 18



EP 1 201 894 A2

11

5

10

15

20

25

30

35

40

45

50

55

(i) an external screw-threaded portion (33a')
formed on an outer periphery of the substan-
tially rod-shaped rotary member (34'); and
(ii) an internal screw-threaded portion (33b')
formed on an inner periphery of the substantial-
ly cylindrical rear end portion of the slider (32'),
so that the internal and external screw-thread-
ed portions (33b', 33a') are in meshed-engage-
ment with each other.

11. The variable compression ratio mechanism as
claimed in any one of preceding claims, which fur-
ther comprises a spring that permanently biases the
slider (32; 32') in the same axial direction as the di-
rection of action of the reciprocating load (N) acting
on the slider (32; 32') during down stroke of the pis-
ton (14).

19 20



EP 1 201 894 A2

12



EP 1 201 894 A2

13



EP 1 201 894 A2

14



EP 1 201 894 A2

15



EP 1 201 894 A2

16



EP 1 201 894 A2

17



EP 1 201 894 A2

18



EP 1 201 894 A2

19



EP 1 201 894 A2

20



EP 1 201 894 A2

21



EP 1 201 894 A2

22



EP 1 201 894 A2

23


	bibliography
	description
	claims
	drawings

